Abstract. The seismic problem of concrete dams has long been a difficult issue facing academic and engineering researchers. Traditional anti-seismic and isolation measures produce unfavorable results in hydraulic structures. However, the air-cushion seismic isolation technique represents a new development orientation for the anti-seismic method of concrete dams. To study the isolation and anti-cracking effects of the air-cushion, the gas-liquid-solid tri-phase coupling numerical model of the air-cushion isolation control of high arch dams is presented in this paper, in which the cracking behavior of concrete is considered. A 300 m level dam was simulated numerically under three different seismic intensities. The results show that the air-cushion reduces the hydrodynamic pressure significantly. The maximum hydrodynamic pressure is reduced by more than 70 %, and the acceleration of the dam crest is reduced by more than 50 % with a 1 m air-cushion. The reduction in hydrodynamic pressure and dam acceleration increases with increasing seismic intensity. In addition, the air-cushion decreases the cracking range of the dam body effectively. Thus, the isolation effects of the air-cushion are remarkable.
Introduction
Western China is currently in a seismic active period and the frequent earthquake activity has brought heavy loss to human life and property; recent earthquakes include Wenchuan M_s8.0, Yushu M_s7.1, and Lushan M_s7.0. China has abundant water resources, predominantly concentrated in western China. In recent years, many high concrete dams have been constructed in this meizoseismal area, including Xiaowan Hydropower Station (arch dam with a height of 294.5 m and design peak acceleration of 0.308 g), Dagangshan Hydropower Station (arch dam with a height of 210 m and design peak acceleration of 0.557 g), Guandi Hydropower Station (concrete gravity dam with a height of 168 m and design acceleration of 0.34 g), and Jin'an Bridge (with a height of 160 m and design acceleration of 0.399 g). Safety is of great concern to all these projects and any accident will have disastrous consequences. For example, an earthquake near Koyna Dam in India will result in cracks on the upstream and downstream surfaces of many non-overflow dam sections, and a degree of seepage.
The conventional seismic control technique of concrete dams adopts anti-quake reinforcement, which has been studied by numerical simulation to verify the anti-seismic effects [1, 2] . Bidirectional reinforcement of Inguri Dam in the former Soviet Union, which has a height of 271 m, reaches as much as 23.9 thousand tons. The cost thereof was significantly high [3] . Some other researchers propose energy dissipation seismic control, deploying springs, dampers [4] , and shape memory alloy (SMA) energy dissipation bars [5] in horizontal joints of the arch dam. Since the opening of the horizontal joints of a high arch dam during an earthquake is relatively small (approximately 10 mm), which is smaller than the stroke of a building-bridge damper, the hysteretic energy dissipation is low.
The energy of seismic waves is transmitted to a dam body through two structures: dam base and reservoir. For building and bridge projects, a rubber seismic cushion is placed between the ground and foundation to reduce the earthquake energy transmitted through the ground base [6, 7] . However, it is difficult to use this method for hydro-structures, since dams are of massive weights and the water pressure at the bottom of reservoirs is high. Westergaard [8] proposed that earthquake energy transmitted through water presents as hydrodynamic pressure. For a long time, researchers globally have paid considerable attention to the issue owing to its importance in real projects [9] [10] [11] . Air is widely adopted as a seismic isolation and damping material for its high compressibility. In the shipbuilding industry, air-cushions are used to reduce the friction resistance and noise of ships during motion [12] [13] [14] ; in the transportation industry, air springs are used as effective vibration isolators or absorbers in suspension systems of trains and trucks, effectively controlling the vibration of the parts [15] ; an example of an air-cushion application in a hydro-structure is the air-cushion surge tower in hydropower stations. When the water pressure in the pressure pipe rises, water flows into the surge chamber and compresses the air in the chamber. The majority of the energy is dissipated through thermal motion of the air, causing a reduction in pressure. Based on this idea, a layer of air-cushioning is placed between the dam surface and reservoir ( Fig. 1) as a soft buffer layer and low pass filter to isolate the transmission of the water wave and reduce the hydrodynamic pressure, thereby further reducing the dynamic response of the dam. This measure is referred as air-cushion seismic control of concrete dams [3, 16] . As early as the 1950s and 60s, the former Soviet Union and France started to study air-cushion seismic isolation technology for dams and achieved success. Haowu et al. [3, 16] proposed a dynamic analysis model of the interactive effect of a dam-dam base-air-cushion-reservoir. In the model, the displacement format of the Lagrangian method is adopted for the air-cushion element; based on the ideal air state equation, the relation between material parameters of the air-cushion element and water pressure is derived. Using the model, a 3-dimensional numerical simulation of air-cushion seismic isolation was carried out for the Jinping first-stage high-arch dam (305 m) and the result proved the seismic isolation effect of the air-cushion. In 2010, Sichuan University finished a large-scale shake table model test of air-cushion seismic isolation of the Jinping first-stage arch dam. The results fitted well with those of the numerical simulation, further proving the effectiveness of the numerical model and isolation effect of the air-cushion [3] . At present, there are many reports on damage analysis methods and model test researches for concrete dams after strong earthquakes [17] [18] [19] . In this paper, the crack activity of dam concrete is considered for the first time in a dam-dam base-air-cushion-reservoir dynamic analysis model; the effect of air-cushion seismic isolation on reducing cracks of concrete dams subjected to strong earthquakes is studied further.
Dynamic analysis model
In the dam-dam base-air-cushion reservoir coupling system shown in Fig. 2 , the pressure field format of the Euler method is adopted for reservoir Ω , which has pressure freedom; the displacement format of the Lagrangian method is adopted for air-cushion Ω , which has displacement freedom; the dam-dam base satisfies the elasticity equation and the cracking of the dam concrete is considered. The interface of the air-cushion and dam Ω automatically satisfies the displacement compatibility condition; the interface of the air-cushion and reservoir Γ satisfies the mechanical balance condition; the free face of reservoir Γ constrains the pressure freedom; the reservoir tail Γ adopts an infinite boundary; and the boundary of dam base Γ adopts a viscous-spring artificial boundary. 
Dynamic balance equation of water
Water is assumed to be: (1) irrotational and inviscid with no heat exchange; (2) slightly compressible; (3) homogenous; (4) slightly deformable with a flow speed significantly slower than the acoustic speed in water. Based on this, the wave equation can be obtained with pressure as the objective function:
where = ⁄ is the acoustic speed in water, is the bulk modulus of water, and is the density of water.
The Galerkin method is adopted to discretize Eq. (1) after introducing proper boundary conditions, by which the dynamic balance equation of water can be obtained as:
where [ ], [ ], and [ ] represent the mass matrix, damping matrix, and rigidity matrix, respectively; [ ] is the coupling matrix on the interface between the dam and reservoir; the node pressure vector of water; the density of water; and the acceleration vector of the node on the interface of the dam and reservoir.
Mechanical model of air-cushion

Basic assumption
The following assumptions are made to simplify the question: (1) the air-cushion is uniformly distributed on the upstream face of the dam; (2) the air in the chamber is ideal air, satisfying the ideal air state Eq. (3); (3) since the earthquake duration is short, there is insufficient time for heat exchange and the change of the air state in the chamber is considered to be an isentropic process, i.e., = 1.4 in Eq. (3); (4) the flow speed of the air in the chamber is low; and (5) there is no leakage from the air chamber:
In the equation: and represent the pressure and volume of air under state , respectively; and is the polytropic exponent of air.
Constitutive relation of air-cushion
To ensure that the interface of the dam and air-cushion satisfies the displacement compatibility conditions, the displacement format of the Lagrangian method is adopted for the air-cushion element, and its constitutive equation can be represented as:
where is the bulk strain; the bulk modulus; the shear strain; the coefficient ensuring shear stability of the elements, which can be taken as ×10 -9 ; the pressure; and the shear stress.
Material parameters of the air-cushion
The damping effect of the air-cushion can be neglected because the viscous coefficient is relatively small. The bulk modulus and density of the air-cushion element are related to the air state, i.e., the ambient pressure. Therefore, the material parameters of air-cushion elements at different elevations in Fig. 1 differ and are dependent on pressure.
Assume that pressure of air under standard atmospheric pressure is and the density is . The air state under standard atmospheric pressure is set to be the initial state ( = 0). Combining Eq. (3), the density and bulk modulus, respectively, of air in a chamber under pressure can be obtained as:
In Fig. 1 , under hydrostatic pressure, pressure of air in the chamber is equal to that of water at the same elevation. Therefore, the initial pressures of the different chambers differ. Since the air state under standard atmospheric pressure is considered as the initial state, the initial bulk of air in the chamber will be non-zero. The incremental equation of the air-cushion element can be obtained by converting Eq. (6) to:
where Δ is the pressure increment, i.e., hydrodynamic pressure; the centroid pressure of the air-cushion element, which is equal to sum of standard atmospheric pressure, hydrostatic pressure, and hydrodynamic pressure; Δ the bulk strain increment; and the equivalent bulk modulus of the air-cushion element.
Crack model of concrete
This study adopts the crack model of concrete in ANSYS software. It is assumed in the model that concrete will only crack along the integration point of the element and there are three orthogonal crack directions for every integration point. According to the stress state of the integration point, the Willam-Warnker five-parameter failure criteria in Eq. (8) is used to judge whether cracking occurs at the point:
In the equation, is function related to the principal stress state; a function of failure face; , , , , and represent uniaxial compressive strength, uniaxial tensile strength, biaxial compressive strength, uniaxial compressive strength under hydrostatic pressure, and biaxial compressive strength under hydrostatic pressure, respectively.
When the first crack occurs at the integration point, the other two possible crack directions are confirmed, and sequential calculation will only judge whether a crack occurs in these two directions. According to crack state of the element (no crack, open, or closed), different constitutive matrixes of the element are selected to simulate concrete crack behavior. When there is no concrete crack, the constitutive matrix is Eq. (9); when concrete cracks along direction of the local coordinate system of a certain integration point, the constitutive matrix of the integration point is Eq. (10); when the crack is closed, the constitutive matrix is Eq. (11) . Constitutive matrixes of other crack states can be obtained using the same principle:
In the equation, is the elasticity modulus; Poisson's ratio; and the shear stress transmission coefficient when the crack is open, and closed, respectively, and these satisfy 1 > > > 0; the elasticity modulus after cracking, which changes with crack strain and is definition in Fig. 3 ; the tensile stress relaxation coefficient; and the crack strain: 
Verification experiment
To verify the seismic isolation effect of the air-cushion and correctness of the numerical model, a 6×6 m large-scale high-performance earthquake simulation shaking table from the Nuclear Power Institute of China (made by Servo Test Co., Britain) was used to conduct a 1:300 dynamic model test for Jinping I Arch dam [3, 16] , as shown in Fig. 4 . Taking El Centro seismic wave and Wenchuan-Shifang seismic wave as the power input, the vibration test considered different peak accelerations under working conditions with and without an air-cushion. A comparison between the test results and numerical simulation results of the vibration caused by the Wenchuan-Shifang seismic wave with a peak acceleration of 0.55 g is shown in Fig. 5 and Table 1 . These show that the air-cushion significantly reduces the hydrodynamic pressure. Meanwhile, the acceleration response also decreases. The calculation value and measuring value of the reduction in hydrodynamic pressure on the dam bottom are 82.6 % and 76.9 %, respectively. In the calculation model, the air-cushion is distributed fully; however, in the test model, the distribution area of the air-cushion is reduced owing to the existence of the supporting structure (as shown in Fig. 4(a) ). Therefore, the calculation results of the hydrodynamic pressure reduction are higher than the measuring results. After using the air-cushion, the associated mass of dam decreases owing to the reduction in hydrodynamic pressure, leading to an increase in natural frequency. Generally, the test results fit well with the calculation results, verifying the seismic isolation effect of the air-cushion and correctness of the numerical model. Table 2 ) is adopted and same-ration scaled with peak accelerations at 1.0 , 1.5 , 2.0 , and 2.4 in a longitudinal flow direction ( axis). The peak accelerations of latitudinal direction ( axis) and vertical direction ( axis) are 2/3 of that of the longitudinal direction. The wave shape is shown in Fig. 6 for a peak acceleration in longitudinal direction of 1.0 . The calculation period is 20 s and the time step is 0.02 s. ; the acoustic speed in water is 1430 m/s; the thickness of the air-cushion is 1 m, and the density and bulk modulus of the air-cushion element is defined according to the centroid pressure (including atmospheric pressure) of the element. The contact element is taken to the horizontal joints of the dam sections. To simulate the keyway's constraining effect on the relative slippage of the dam, the relative slippage between dams is neglected by coupling the tangential freedom of the horizontal joint interface. Radiation damping of dam base is considered by adopting a viscoelastic artificial interface and realized by adopting a Combin14 spring damping element. The acceleration shown in Fig. 6 is integrated with time to obtain the speed-time history and displacement-time history of the free field and further calculate the node force vector of the viscoelastic artificial interface. Rayleigh damping is adopted and the scaling coefficient is determined according to the natural frequency of the previous five stages. The integral finite element model is shown as Fig. 7 , and is divided into 91 012 elements and 92 797 nodes. The calculation cases are shown in Table 3 . It is clear from the Fig. 8 and Table 4 that hydrodynamic pressure basically increases with water depth and peak earthquake acceleration. Extreme hydrodynamic pressure is approximately positively related to peak acceleration; the air-cushion reduces the water pressure significantly; when acceleration is 1.0 , 1.5 , 2.0 , and 2.4 , the reduction in extreme hydrodynamic pressure is 71.2 %, 72.3 %, 72.8 %, and 73.9 %, respectively. With an increase in peak acceleration, the air-cushion's reduction effect on hydrodynamic pressure is slightly increased. Fig. 9 shows the acceleration time history response at the top of the dam for cases 5 and 6. The peak acceleration response at the top of the dam under different working conditions is shown in Table 5 . It is clear from Fig. 9 and Table 3 that the extreme acceleration at the top of the dam is considerably higher than the input peak acceleration of the seismic wave, and the dynamic scale-up effect is obvious; after placing the air-cushion, the acceleration of the dam is reduced significantly; when the acceleration is 1.0 , 1.5 , 2.0 , and 2.4 , the reduction in extreme acceleration at the top of the dam is 52.1 %, 52.7 %, 53.1 %, and 54.5 %, respectively, and the dynamic scale-up effect is weakened and the anti-quake performance of the dam is further improved. With the increase in peak acceleration, the air-cushion's reduction effect on the acceleration response is also increased slightly. Fig. 10 shows the cracks on the dam under different working conditions. Without the air-cushion, the cracks are predominantly concentrated on the dam base of the upstream face and upper part of the downstream face. With the increase in peak acceleration, the crack area on the dam increases; after placing the air-cushion, the crack area on the dam is effectively controlled. Under the working conditions stipulated in this paper, after placing the air-cushion, cracks only occur on the dam base and section near the right dam shoulder. The seismic isolation effect is obvious. 
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Conclusions
Owing to the particularity of the structure and ambient environment of the arch dam, it is difficult to directly apply the conventional energy dissipation and seismic isolation method to a hydraulic structure. Air-cushion seismic isolation provides a novel idea for dynamic control of large-scale hydraulic concrete structures. In this paper, the cracking behavior of dam concrete is considered for the first time in numerical simulation of air-cushion seismic isolation. By studying the seismic isolation effect of a 305 m high arch dam, the following conclusions are obtained:
1) The air-cushion can significantly reduce the hydrodynamic pressure on the upstream face of the arch dam and further reduce the attached load under earthquake conditions. When the air-cushion is 1 m thick, the hydrodynamic pressure on the upstream dam face is reduced by more than 70 %; with an increase in peak acceleration, the air-cushion's reduction effect on hydrodynamic pressure is slightly increased.
2) The air-cushion can significantly reduce the acceleration of the dam and weaken the dynamic scale-up effect. This further improves the anti-quake performance of the dam. Extreme acceleration at the top of the dam is reduced by more than 50 %; with an increase in peak acceleration, the air-cushion's reduction effect on acceleration response is also increased.
3) Cracks are mainly concentrated on the dam base of the upstream face and upper part of the downstream face. With an increase in peak acceleration, the crack area on the dam dramatically increases. The air-cushion effectively reduces the crack area on the dam, and the seismic isolation effect is obvious.
